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However, in age-structured populations, individuals of different ages may differ in their 18 responses to changes in population size and how they contribute to density dependence 19 affecting the growth rate of the whole population. Here, we apply the concept of critical age 20 classes, i.e., a specific scalar function that describes how one or a combination of several age 21 classes affect the demographic rates negatively, in order to examine how total density 22 dependence acting on the population growth rate depends on the age-specific population 23 sizes. In a 38-year dataset of an age-structured great tit (Parus major) population, we find 24 that the age classes including the youngest breeding females were the critical age classes for 25 density regulation. These age classes correspond to new breeders that attempt to take a 26 territory and that have the strongest competitive effect on other breeding females. They 27 strongly affected population growth rate and reduced recruitment and survival rates of all 28 breeding females. We also show that depending on their age class, females may differently 29 respond to varying density. In particular, the negative effect of the number of breeding 30 females was stronger on recruitment rate of the youngest breeding females. These findings 31 question the classical assumptions that all the individuals of a population can be treated as 32 having an equal contribution to density regulation and that the effect of the number of 33 individuals is age independent. Our results improve our understanding of density regulation 34 in natural populations.
INTRODUCTION

40
Fluctuations in population size are dependent on the combined effects of density-41 independent (stochastic) and density-dependent (deterministic) factors (Lande et al. 2003) .
42
Density dependence operates through a negative feedback between the population growth 43 rate and the population size at one or more time steps (Royama 1992 Here, we fill this gap by identifying the critical age classes (sensu Charlesworth 1972, 89 1973) for density dependence that mostly affect the population growth rate and its 90 components caused by variation in survival and fecundity in an age-structured population. estimated age-specific demographic rates and age-specific numbers, including observation 97 error in records of individuals as well as uncertainty in the age of some monitored birds.
98
Then, by relaxing the assumption of equal contribution of all birds to the density dependence,
99
we examined how the different age classes contributed to the observed variation in 100 demographic rates and determined which age classes contribute the most to the total density 101 dependence acting on the growth rate of our population.
102
103
MATERIAL AND METHODS
104
Study species and study area 105 The data analyzed come from a long-term study of a great tit population at Hoge
106
Veluwe National Park in the Netherlands (52°02'N, 5°51'E), a mixed pine-deciduous wood 107 of 171 ha (see Reed et al. 2013b for further details on the study area and procedure for data 108 collection). The great tit is a 18-20 g small passerine bird species abundant in European calendar year of life (Perrins 1979 (Grøtan et al. 2009 ). More nest boxes than required were provided to ensure that the 119 availability of nest boxes did not influence population density (Reed et al. 2013b ). We 
Demographic data
126
Three types of demographic data were available for this population: capture-recapture 127 (CR) data, total number of breeding females at year t, and number of recruits produced by 128 breeding females. During the breeding season (April to June) each year, nest boxes were
129
The second type of demographic data available was an estimate of the total number of 138 counted breeding females each year t (C t ) on the study site. Rates of non-breeding are very 139 low in our study population (Bauchau and Van Noordwijk 1995) , thus breeding population 140 size is a good proxy for the total number of females of age 1+ in the population. We will refer 141 to C t as the population count with the understanding that this is a population count of 142 breeding females only. To calculate the population count for a given year, we summed the 143 number of breeding females of known age, the number of breeding females of unknown age 144 and an estimate of the number of breeding females not caught (and thus not identified nor 145 aged) because they have deserted their clutches early in the breeding attempt (Reed et al. 146 2013b). The number of females of the latter type could be estimated by the number of 147 clutches found without a mother. We assumed that any clutch found without an identified 148 mother corresponded to a breeding female that was present but not captured. There were 536 149 clutches without an identified mother in the study period.
150
The last type of data was age-class specific counts of breeding females and the age- recorded as recruited to the breeding population if they were caught as a breeding female in a number of breeding females of each age class i in year t (B i , t ). In total, 824 daughters of 163 known age mothers locally recruited during the study period.
165
Annual age-specific demographic rates and true age-specific numbers 166 We aimed to estimate annual age-specific survival and recruitment rates as well as the 167 true (as opposed to observed) annual age-specific numbers of females. Our observed annual 168 number of breeding females of different age classes contains a number of sources of 169 observation error. There were females for which the age class was unknown (some 170 immigrants). Although the recapture probability was high on the study site (Reed et al. 
177
To account for these issues, we analyzed simultaneously CR data of known age 178 females, data on the reproductive success of breeding females of known age (J i , t and B i , t ), and 
236
We were interested in estimating annual age-specific survival and recruitment rates 237 while allowing correlated variability among these demographic rates. We used a hierarchical recapture probability, assumed to be age-independent, was modeled with random time 250 variation as well ‫ݐ݈݅݃‬ (ܲ ௧ ) = µ P + ߝ ௧ .
251
The IPM was fit within the Bayesian framework, and non-informative priors
252
(Appendix S1) were specified for all the parameters allowing the inference to be dominated The IPM was used to estimate age-specific demographic and age-specific true 268 numbers. Once these were estimated, linear regressions were used to examine how the 269 different age classes contributed to the observed variation in age-specific demographic rates.
270
The following regression models were used:
274
where γ are the intercepts, β are the regression coefficients and res are the residuals of the 275 regressions corresponding to the variation in demographic rates not explained by age-specific 276 numbers. These regressions were fit for each posterior sample (2,000 in total). As 
280
Because we were interested in the effect of each age class on survival and recruitment rates,
281
the regression coefficients ߚ ி , ே ೕ and ߚ ௌ , ே ೕ were calculated for each posterior sample. Then, 282 from these 2,000 estimates of ߚ ி , ே ೕ and ߚ ௌ , ே ೕ , the 95% credible intervals (CRI) and the 283 probability for the coefficients to be lower than zero (i.e., P(β<0)) were computed. For 284 instance, a high probability P(ߚ ி భ, ே మ <0) would indicate a high probability for a negative effect 285 of the number of females in age class 2 on recruitment rates of age class 1. Note that we and the probability that age class 2 survival was greater than the survival for all other age 340 classes (P(ܵ ଶ > ܵ ప ) for i = 1, 3 or 4) was 97.8%. Age class 4 had the lowest estimated mean 341 survival and the probability that age class 4 survival was lower than all other age classes' 342 survival (P(ܵ ସ < ܵ ప ) for i = 1, 2 or 3) was 100%. Age class 3 had a lower estimated mean 343 survival than age class 1 and the probability that age class 3 survival was lower than age class 344 1 survival (P(ܵ ଷ < ܵ ଵ )) was 91.2%. Age class 2 had again the highest estimated mean 345 recruitment rate and the probability that age class 2 recruitment was greater than all other age 346 classes' recruitment (P(‫ܨ‬ ଶ > ‫ܨ‬ ప ) for i = 1, 3 or 4) was 70.6%. Age class 1 had the lowest 347 estimated mean recruitment rate and the probability that age class 1 recruitment was lower 348 than recruitment for all other age classes (P(‫ܨ‬ ଵ ‫ܨ<‬ ప ) for i = 2, 3 or 4) was 88.7%. Age class 3 349 had a higher estimated mean recruitment than age class 4 and the probability that age class 3 350 recruitment was higher than age class 4 recruitment (P(‫ܨ‬ ଷ > ‫ܨ‬ ସ )) was 62.6%. Therefore,
351
estimated mean survival and recruitment rates decreased from age class 2 onwards indicating 352 senescence in both survival and recruitment rates in this great tit population (Fig. 1B) .
354
The effects of age-class numbers on age-specific demographic rates 355 The ߚ ே values indicated how the number of females in age class N i contributed to the higher number of females in the age class N i translates to lower survival and/or recruitment.
358
The mean of the posterior ߚ ே భ was always negative and the CRI did not include zero ( recruitment rates of all age classes. Thus, the higher the number of females in age class 1, the 361 lower the recruitment rates ( Fig. 2A) and the lower the survival rates (Fig. 3A) for all age 362 classes. The probability that this negative effect of age class 1 on survival and recruitment 363 rates was stronger than the effects of age class 2, age class 3 or age class 4 (P(ߚ ே భ < ߚ ே ) for 364 i = 2, 3 or 4) was greater than 58.1% indicating that the per capita effect on density 365 dependence is the largest for age class 1. Moreover, age class 1 being the biggest age class, 366 age class 1 was the age class contributing the most to the observed variation in survival and 367 recruitment rates.
368
The mean of the posterior ߚ ே మ was always negative for recruitment rates and the CRI 369 did not include zero (Table 1 , second column) reflecting that the number of females in age 370 class 2 affected recruitment rates of all age classes. Thus, the higher the number of females in 371 age class 2, the lower the recruitment rates (Fig. 2B) for all age classes. The probability that 372 this negative effect of age class 2 on recruitment rates was stronger than the effects of age 373 class 3 or age class 4 (P(ߚ ி,ே మ < ߚ ி,ே ) for i = 3 or 4) was greater than 66.8% indicating that,
374
after age class 1, the per capita effect on density dependence is the largest for age class 2.
375
Moreover, age class 2 being the second largest age class, age class 2 was the second age class 376 contributing the most to the observed variation in recruitment rates. The mean of the posterior 377 ߚ ே మ was also always negative for survival rates however the CRI included zero in all cases 378 (Table 1 , second column). This reflects the pattern seen in Fig. 3B . There is a slight negative 379 effect of age class 2 females on survival, but the pattern relationship is quite weak.
380
The mean of the posterior ߚ ே య was always negative but the CRI included zero in all 381 cases (Table 1 , third column). This reflects the patterns seen in Fig. 2C and 3C. There is no 382 effect of the number of females in age class 3 on recruitment rates and survival rates of all 383 age classes.
384
Page 16 of 38 Ecology
The mean of the posterior ߚ ே ర was always positive and CRI included zero (Table 1,   385 fourth column). This indicates that the number of females in age class 4 had no effect on 386 recruitment rates (Fig. 2D ) and survival rates (Fig. 3D ) of all age classes.
388
The age-specific demographic responses to age-class numbers 389 The number of females in age class 1 affected recruitment rates of all age classes with 390 different intensities. The probability that the negative effect of the number of females in age 391 class 1 was stronger on recruitment rate of age class 1 than on recruitment for all other age 392 classes (P(ߚ ி భ ,ே భ < ߚ ி , ே భ ) for i = 2, 3 or 4) was greater than 75.6% (Table 1, Fig. 2A ). In 393 contrast, the number of females in age class 1 affected survival of all age classes with similar 394 intensity except age class 3 was less intensively affected. Indeed, the probability that the 395 negative effect of the number of females in age class 1 was lower on survival rate of age class 396 3 than on survival for all other age classes (P(ߚ ௌ ,ே భ < ߚ ௌ య, ே భ ) for i = 1, 2 or 4) was greater 397 than 75.2% (Table 1, Fig. 3A) . The number of females in age class 2 affected recruitment 398 rates of all age classes with different intensities. The probability that the negative effect of the 399 number of females in age class 2 was stronger on recruitment rate of age class 1 than on 400 recruitment for all other age classes (P(ߚ ி భ ,ே మ < ߚ ி , ே మ ) for i = 2, 3 or 4) was greater than 401 62.1% (Table 1, Fig. 2B ).
403
The effects of age-class numbers on population growth rate 404 The mean of the posterior ߚ ఒ , ே was estimated to be -0.009, 95% CRI [-0.010; -405 0.008] and the probability that ߚ ఒ , ே was negative equaled to 1 (Fig. 4) . Splitting the 406 contribution of N tot into the age-specific contribution N i , we found that the mean of the 407 posterior ߚ ఒ , ே భ was estimated to be -0.011, 95% CRI [-0.012; -0.009] and the probability that ߚ ఒ , ே భ was negative equaled to 1, reflecting that the number of females in age class 1 affected 409 the population growth rate (Fig. 4) . The mean of the posterior ߚ ఒ , ே మ was estimated to be -410 0.008, 95% CRI [-0.013; -0.004] and the probability that ߚ ఒ , ே మ was negative equaled to 1, 411 reflecting that the number of females in age class 2 affected the population growth rate too 412 (Fig. 4) . The mean of the posterior ߚ ఒ , ே య was estimated to be -0.005, 95% [-0.013; 0.002] and 413 the probability that ߚ ఒ , ே య was negative equaled to 90.9%. The posterior mean of age class 3´s 414 effect on λ was much closer to 0 (no effect) than for age class 1 or age class 2 and the 415 posterior distribution was much more diffuse for age class 3 (Fig. 4) . Finally, the mean of the 416 posterior ߚ ఒ , ே ర was estimated to be -0.002, 95% CRI [-0.016; 0.011] and the probability that 417 ߚ ఒ , ே ర was negative equaled to 60.2%. The posterior mean of age class 4´s effect on λ was 418 close to 0 (no effect) and the posterior distribution was extremely diffuse (Fig. 4) . 
DISCUSSION
421
We found that age-specific numbers of females have different effects on demographic 422 rates and also on population growth rate of this great tit population. In particular, the number 423 of females in age class 1, corresponding to females in their first year of breeding, strongly 424 affected survival and recruitment of all age classes and also the population growth rate.
425
Moreover, we showed that age classes differently respond to an increase in the number of 426 breeding females. These findings question the assumption that all adult individuals can be 427 treated as having an equal contribution to density regulation and that the effect of the number 428 of individuals is age independent. This assumption is commonly made when investigating the 429 strength and effects of density dependence on populations.
430
Natural populations are regulated by both stochastic and deterministic (i.e., density- (Fig. 4) . These results are in line with previous studies on this population (Both If survival and recruitment decrease for all age classes with increasing population 465 size, the intensity of such a decrease is age-specific. In particular, the negative effect of the 466 number of females was stronger on recruitment rate of age class 1 than on recruitment for all 467 other age classes. As the great tit is characterized with high breeding territory fidelity, these 468 findings suggest that when the number of breeding females increases in the population, strong 
478
In addition to investigating which age classes were affected by an increase of 479 population size, we explored here the effect of the age-specific numbers on demographic 480 rates and population growth rate. Indeed, we explored the "per capita" effects on density 481 dependence, i.e., the density-dependent effect of an individual of a given age class on another
482
Page 20 of 38 Ecology individual. We showed that an increase in the number of females in age class 1, specifically, 483 had a negative effect on survival and recruitment rates of all ages (Table 1) . Moreover, an 484 increase in the number of females in age class 2 had a negative effect on recruitment rates of 485 all age classes (Table 1) . Such findings may be explained in light of great tit life history.
486
These age classes bring together new breeders attempting to take a territory. In such a short-487 lived species with high breeding territory fidelity, these age classes have the strongest 488 competitive effect on other breeding females. Looking at the effect of the number of females 489 on the population growth rate (λ), we decomposed the effect of total number of breeding 490 females into the effects of age-specific numbers (Fig. 4) . Unsurprisingly, the number of 491 females in age class 1 affected λ the most, followed by the number of females in age class 2.
492
Thus, these age classes may be defined as the critical age classes (sensu Charlesworth 1972, 493 1973) for that population.
494
It is noteworthy that the critical age classes constitute here the highest proportion of 495 the population. From age class 2 onwards, survival rates start to decrease with ages ( recruitment rates also decrease from age 2 onwards (Fig. 1B) . Therefore, we highlighted that 502 the senescent age classes 3 and 4 were not the critical age classes. These findings also point 503 out the critical role of the youngest age classes in the demography of our population. Table 1 . Effects of the number of breeding females N j in age class j on recruitment rates F i (log-transformed) (contribution of mothers of age 659 class i to age class 1 breeding females) and on survival rates S i (logit-transformed) of age class i. Displayed are the means of the posterior 660 distributions of the regression coefficients β and their associated 95% CRI. In parentheses are the posterior probability that the coefficients are 661 less than zero P(β<0) (among the 2,000 posterior samples). Number of breeding females of age class j (covariates) 
